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Abstract
Almost exactly ten years after the start-up of LEP and four years after the completion
of the energy scans around the Z resonance the analyses of the Z parameters by the four
experiments ALEPH, DELPHI, L3and OPAL are almost final. Together with other precision
electroweak results these provide a stringent test of the Standard Model.
1. Introduction
This brief review presents the latest results from
analyses of the Z line shape and of the leptonic forward-
backward asymmetries from data taking at LEP I around
the Z resonance during 1990 to 1995. These and
other electroweak precision results presented at this
conference [1] are used as input to fits for the parameters
of the minimal Standard Model (”mSM”), which
provide stringent consistency tests and significantly
constrain the value of the unknown Higgs boson mass
within the framework of the mSM.
2. Results on Z parameters
Between the years 1989 and 1995, the e+e  collider
LEP at CERN provided interactions at centre-of-mass
energies ranging from 88 to 95 GeV, i.e., around the
mass of the Z boson. A total of 15.5 million Z !
qq and 1.7 million Z ! `+`  events have been
analysed by the four experiments ALEPH, DELPHI,
L3and OPAL. All results have been updated for this
conference; the ALEPH results are final, while all others
are still preliminary.
At various centre-of-mass energies, total production
cross sections for hadrons and leptons are measured;
forward-backward asymmetries are determined in
lepton-pair production. These measurements of
”realistic observables” allow the determination of
various properties of the Z boson, such as its mass,
m
Z
, and total width,  
Z
, the peak cross section, 0,
as well as partial decay widths and coupling constants
to fermions, denoted as ”pseudo-observables”. The












for ` = e; ;  , as defined in [2]. For the extraction
of these pseudo-observables, the experiments perform
so-called model-independent fits to their measured
realistic observables using the latest versions of the most
advanced electroweak codes [3]. The fits are based
on ZFITTER [4], while TOPAZ0 [5], and in the case
of ALEPH also MIZA [6], serve as cross-checks to
determine theoretical errors.
Typically, the full data set of each experiment con-
sists of about 200 individual measurements at various
energies and with slightly different detector configura-
tions, which are condensed into nine parameters in the
fit. The dominating data sets are the runs in 1992 and
1994 at the peak energy, and precision energy scans at
the peak energy and1.8 GeV above and below in 1993
and 1995. The average over the four experiments is
performed at the level of the nine parameters and their
known correlations. Knowledge of common systematic
errors like the energy scale of LEP or uncertainties aris-
ing from theoretical calculations is also required.
The high statistics is well matched by small
systematic errors in the event selection procedures of
the experiments. These are in the range 0.04 %
to 0.1 % for qq events, and 0.1 % to 0.7 % for
the lepton channels. The selection uncertainties of
small-angle Bhabha events, serving to determine the
integrated luminosity, range between 0.033 % and
0.09 %. The uncertainty on the energy of the beams
in LEP contributes a common error of 1:7MeV
on m
Z
and of 1:2MeV on  
Z
. The theoretical
error on calculations of the small-angle Bhabha cross
section is 0.054 % for OPAL and 0.06 % for all other
experiments. QED radiation, dominated by photon
radiation from the initial state electrons, contributes
an estimated common uncertainty of 0.02 % on o
h




, where the latter
one is dominated by the uncertainty in fermion pair
radiation z. The contribution of t-channel diagrams and
the s–t interference in Z! e+e  leads to an additional
theoretical uncertainty estimated to be 0.11 % on
R
e
and to 0.0013 on A0; e
FB
. Uncertainties from
the model-independent parameterisation of the energy
dependence of the cross section are almost negligible,
z Progress on this issue was reported at this conference [3], but has
not yet been incorporated in the experimental results presented here.
2if the definitions of Reference [2] are applied. Through
unavoidable Standard Model remnants, dominated by
the need to fix the –Z interference contribution in
the qq channel, there is some small dependence of
0:3MeV of m
Z
on the Higgs mass, m
H
, or the
value of the electromagnetic coupling constant. Such
”parametric” errors are negligible for the other pseudo-
observables.
The experimental results are given in Tab. 1. In the
combination procedure the full (4  9)  (4  9) error
correlation matrix is constructed from the independent
experimental errors (statistics plus detector systematics)
and from the sources of common errors discussed above,
and the average is performed, yielding the results of
Tab. 2. The value of 2 per degree of freedom of
the combination is 32.5 / 27, corresponding to a 2-
probability of 21.5 %. If lepton universality is assumed,
the six lepton parameters can be combined into two; this
is shown in the second part of the table. Significant

























By parameter transformation some more familiar
pseudo-observables than the experimentally-motivated
set of Tab. 2 may be obtained. The partial Z decay
widths are summarised in Tab. 3. A limit on the invisible
width not originating from Z !  is obtained by
taking the difference between the value given in the table



















[GeV] 91.1886 0.0031 91.1864 0.0029
 
Z




[nb] 41.558 0.057 41.580 0.069
R
e
20.683 0.075 20.88  0.12
R

20.800 0.056 20.650 0.076
R

















[GeV] 91.1893 0.0030 91.1852 0.0029
 
Z




[nb] 41.536 0.055 41.508  0.055
R
e
20.814 0.089 20.905  0.085
R

20.860 0.097 20.813  0.058
R













0.0260 0.0047 0.0145 0.0030



















































as a limit,  x
inv
< 2:0MeV @ 95% CL; here, the limit























[MeV] 83.90 0.12 -
 

[MeV] 83.96 0.18 -
 

[MeV] 84.05 0.22 -
The results in Tab 2 may also be expressed in
terms of vector and axial-vector couplings of the Z
to leptons. The most stringent test of universality
among the couplings of the Z is obtained if the results
presented so far are combined with the result from 
polarisation and the left-right polarised asymmetries of
the hadronic cross section and the leptonic forward-
backward asymmetries at SLD [7]. This is shown in
Table 4.
3. Standard Model fits
The parameters of the mSM are the electromagnetic and




, and the Z and











are truly free in the 2
fits shown below, the others are ”constrained” by also
specifying them as input to the fit. Other parameters of
the mSM, i.e. fermion masses and the Fermi constant,
are taken as fixed values.
The full set of electroweak precision data considered
here is summarised in Tab. 5. The last column labelled
































































“Pull” gives the deviations of the measurements from
the mSM expectation in units of the experimental error.
The expected value is calculated using the parameters
in the last column of Tab. 6. The most sizeable values
and hence the dominant contribution to the overall 2
are those from the hadronic pole cross section (1.7),
from the A0;b
FB
measurements at LEP (2.2) and from
the measurements of the weak mixing angle from left-
right polarised asymmetries at the SLC (2.0).
The mSM in the fits is represented by the most ad-
vanced electroweak calculational tools, namely ZFIT-
TER [4] and TOPAZ0 [5], which include the complete
set of presently known higher order electroweak correc-
tions [3]. Comparison of two independent implemen-
tations with different renormalisation and factorisation
schemes in addition to variations of the options within
each of the codes gives a handle on the theoretical errors
involved. Unless stated otherwise, the numerical results
and figures in this write-up are based on ZFITTER.
With the presently available set of electroweak
precision measurements the mSM is over-constrained,
and useful consistency checks can be made by
comparing the directly measured values of the top quark
and W boson mass with predictions from electroweak





from the set of input data, and their fitted values
are compared with the direct measurements. This
is shown in columns two and three of Tab. 6 and in
Fig. 1 and 2. The 1- contour lines are calculated
using both ZFITTER and TOPAZ0; there is very good
agreement indicating that theoretical uncertainties are
small and well under control. Note also that the error
on the indirect determination of the W mass is still
about two times smaller than the error from the direct
measurement; by the end of the LEP II program, these
are expected to become equal.
The fit in the fourth column shows the indirect
values for both the top quark and the W boson mass,





[GeV] 91:1871 0:0021 0:1
 
Z



















b & c quarks:
R
b
(incl. SLD) 0:21642 0:00073 0:8
R
c






































[GeV] 80:448 0:062 1:0
m
t












(a) The electroweak libraries require as input the value of the





= 0:02804 0:00065; small top-dependent parts and the other
well-known contributions to the running of  are added internally.
to be compared with the direct measurements in the
first column of Tab. 5. There is a substantial correlation






Information on the strong coupling constant in these







and their correlations. There is a
non-negligible QCD related error on the value of the
strong coupling constant of about 0.002, which is not
included in Tab. 6.
Taking all results and fitting for the only really











GeV, with an estimated theoretical uncertainty





central value is lower than the present lower limit on
4Table 6. Fits to data [8] with ZFITTER.









































0:23148 0:00016 0:23152 0:00017 0:23151 0:00017 0:23150 0:00016
m
W



















































































the Higgs boson mass of 95GeV [9], but well consistent
within the error. Taking a purely probabilistic view-
point and neglecting the direct lower limit leads to an
upper limit of m
H
< 215GeV@95 % CL.
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